Objective Acute myocardial infarction (AMI) is the leading cause of death and disability globally. There is increasing evidence from observational studies that influenza infection is associated with AMI. In patients with known coronary disease, influenza vaccination is associated with a lower risk of cardiovascular events. However, the effect of influenza vaccination on incident AMI across the entire population is less well established. Method The purpose of our systematic review of casecontrol studies is twofold: (1) to estimate the association between influenza infection and AMI and (2) to estimate the association between influenza vaccination and AMI. Cases included those conducted with first-time AMI or any AMI cases. Studies were appraised for quality and meta-analyses using random effects models for the influenza exposures of infection, and vaccination were conducted.
INTRODUCTION
Globally, coronary heart disease (CHD), particularly acute myocardial infarction (AMI), is the leading cause of death and disability. 1 While there has been a consistent decline in the number of deaths from CHD in high-income countries, 2 deaths in low-income and middle-income countries continue to increase. 2 The epidemiological relationship between AMI and influenza was first observed in the 1930s 3 with increased cardiovascular deaths during the influenza seasons. 4 It is hypothesised that influenza infection can lead to AMI via acute coronary occlusion through thrombosis of a pre-existing, subcritical atherosclerotic plaque; 5 additionally, infection promotes atherogenesis in mouse models. 6 Infection causes tachycardia, hypoxia, release of inflammatory cytokines and a thrombophilic state, potentially contributing to AMI through multiple mechanisms. This relationship between influenza infection and AMI in humans has been largely studied using observational studies, particularly case-control studies. 7 There is a growing interest in using seasonal influenza vaccines in AMI prevention, with studies (including three randomised controlled trials (RCTs)) [8] [9] [10] focusing on secondary prevention in patients with previous AMIs or known CHD. A meta-analysis of six RCTs found an association between influenza vaccination and lower risk of composite cardiovascular events (Relative risk (RR) 0.64, 95% confidence interval (CI) 0.48 to 0.86). 11 However, only observational studies are available to measure the association between influenza infection and AMI. In mouse models, influenza vaccination is protective against AMI outside of the influenza season, with reductions in atherosclerotic plaque size, increased plaque stability with decreased proinflammatory markers. 6 Many countries recommend influenza vaccination for patients at increased risk of severe complications from influenza, including individuals with cardiovascular disease (CVD). [12] [13] [14] However, vaccine coverage remains suboptimal in this vulnerable population. [15] [16] [17] We conducted a systematic review and meta-analysis of case-control studies to examine the evidence for the relationship between AMI, influenza infection and influenza vaccination in any population. The purpose of our systematic review of case-control studies is twofold: (1) to estimate the association between influenza infection and AMI and (2) to estimate the association between influenza vaccination and AMI.
METHODS

Search strategy
We performed a literature search combining Medical Subject Headings (MeSH) terms and keyword searches using Medline, EmBase, Cochrane and Index to Theses databases up to 24 June 2014, limited to English-language publications. MeSH terms for Medline and EmBase included 'influenza, human', 'influenza vaccines', 'acute myocardial infarction' and 'respiratory tract infection'. Keyword searches included combinations of 'influenz$/flu', 'vaccin$', 'immun?e$', 'immun?a$', 'ischem$/ischaem$', 'myocardial', Open Access Scan to access more free content 'cardiovascular', 'acute', 'coronary', 'cardi$', 'event', 'syndrome', 'respiratory', 'symptom', 'disease' and 'illness'. Search terms for the Index to Theses and Cochrane databases were 'myocardial', 'infarction', 'acute coronary' 'event' or 'syndrome', 'cardiovascular', 'respiratory tract infection', 'flu', 'influenza', 'vaccine' and 'vaccination'. Reference lists were reviewed for additional relevant studies.
Inclusion and exclusion criteria
We included case-control studies in which the primary outcome was fatal or non-fatal AMI, including first or subsequent episode(s) of AMI. AMI was defined as a constellation of clinical features, including ischaemic symptoms, biochemical and/or electrical evidence of myocardial ischaemia, evidence of critical artery stenosis on coronary angiography or autopsy evidence of myocardial infarction. We included prospective and retrospective case-control studies in which the exposure was either influenza infection or influenza vaccination. Influenza infection broadly included laboratory-confirmed influenza, influenza-like illness (ILI) or respiratory tract infection (RTI) of any definition used by the authors. Influenza vaccination included both self-reported and database records of vaccination status. We excluded self-controlled case-control studies, case cross-over studies, case-control studies in which the cases were not exclusively AMI or case-control studies in which AMI were considered the control group.
Data extraction and quality appraisal
We developed a standardised data extraction tool and study quality grading instrument. Assessment tools of case-control study quality and bias susceptibility have been developed, but have limited generalisability. 18 We developed our own tool, modifying the Grading of Recommendations Assessment, Development and Evaluation (GRADE) risk of bias assessment for observational studies, 19 to assess individual study quality. A simple checklist with a small number of key domains was designed to critically appraise the study biases, including methodological domains of participant selection, outcome measurement, exposure measurement, control for confounding and appropriate analysis. 20 Each study was assessed as low, moderate or high risk of bias based on these domains. Papers were selected from databases by one author (MB). Two researchers (MB and AM) independently graded the included studies with differences resolved by consensus between other investigators (AEH, BR, ATN, CRM).
Statistical analysis
The number of cases and controls by exposure, and the reported adjusted odds ratios (OR) and corresponding 95% CIs for each study were extracted for use in the formal meta-analysis. The ORs from individual studies were pooled using the inversevariance weighted random effects method. 21 Calculation of vaccine effectiveness (VE) can be done using observational epidemiological data. 22 The OR of the association between influenza vaccination and AMI was used to estimate the pooled VE of influenza vaccine against AMI using the formula: (1−OR)×100. 22 Between-study heterogeneity was quantified with the I 2 statistic, which describes the proportion of total variation in study estimates due to heterogeneity. 23 Analyses were separated by exposure type (infection and vaccination) and stratified by study type ( prospective and retrospective). We conducted a meta-regression of the log of the ORs, weighted by the inverse of their variances, on the categorical variable of risk of bias separately to assess the possible impact of study quality on the effect measures. For these analyses, we fitted a random effects model with two additive variance components (within and between studies). The influence of each study on the combined risk estimate was examined by consecutively omitting each study from the meta-analysis. Finally, we tested for possible publication bias using Begg and Egger's tests and by visual inspection for asymmetry of funnel plots of the natural logarithms of the effect estimates against their SEs. 24 25 Statistical analysis was performed using Stata SE V. 
RESULTS
Included studies
Of the 2976 publications identified, 14 were relevant with two further articles identified through reference lists of published studies (see figure 1) . Ten studies evaluated the association between influenza infection and the risk of AMI, defined as laboratory-diagnosed influenza in four studies, [26] [27] [28] [29] clinical ILI in three studies 26 28 30 and RTI in seven studies. 27 28 31-35 Three studies measured multiple exposures. Seven studies examined the association between influenza vaccination and prevention of first AMI, while one 36 assessed prevention of recurrent AMI. Two studies examined the relationship between AMI and both influenza vaccination and infection. 27 
28
Risk estimates Influenza infection
Two of the four studies reporting serologically diagnosed influenza infection showed a significant association, with only one remaining significant after adjustment for confounders (table 1). Of studies using clinical case definitions, one ILI study 30 (table 2) and two 27 32-35 RTI studies (table 3) were significantly predictive of AMI after adjustment. Figure 2 shows the pooled meta-analysis results by diagnostic technique. Studies of ILI (OR 2.29, 95% CI 1.11 to 4.73) and RTI (OR 1.89, 95% CI 1.35 to 2.65) were significantly associated with AMI, while laboratory-diagnosed influenza studies were non-significant (OR 2.44, 95% CI 0.83 to 7.20). The overall pooled results were significant, with the odds of Figure 1 Flow chart of study selection and included studies. a recent influenza infection, ILI or RTI in AMI subjects being double (OR 2.01, 95% CI 1.47 to 2.76) than that of controls. There was moderate, but significant, between-study heterogeneity (I 2 67.1%, p<0.001). Influence meta-analysis did not detect any studies exerting undue influence on the pooled estimate (see online supplementary data). None of the study qualities were significantly associated with the effect measure (OR) in the meta-regression ( p=0.086), and the pooled estimate from those with a moderate risk of study bias was much higher than that of studies with high or low risk of bias. This was not significant due to the small number of studies with moderate risk of bias (see online supplementary data). Cumulative meta-analysis results by year of publication showed that additional studies would not meaningfully change the pooled estimates (see online supplementary data). Funnel plots showed no evidence of publication bias ( p=0.898, Egger's test, see online supplementary data). Table 4 summarises the seven studies examining the association between influenza vaccination and AMI prevention with four studies showing significant negative association 27 36-38 after adjustment. Pooled meta-analysis results are shown in figure 3 . Overall, odds of influenza vaccination was significantly lower in those with AMI (OR 0.71, 95% CI 0.56 to 0.91) compared with controls, translating to an estimated influenza VE against AMI of 29% (95% CI 9% to 44%).
Influenza vaccination
Between-study heterogeneity was moderate (I 2 63.0%, p=0.013). There was no undue influence of a single study on the pooled estimate. A cumulative meta-analysis by year of publication showed the pooled estimates were not stable, and additional studies may influence results (see online supplementary data). The sub-group analysis showed that studies with low risk of bias had stronger effects of vaccination (see online supplementary data), although this difference was not significant in the meta-regression of effect measure (OR) on study quality (p=0.239). No vaccination studies had a high risk of study bias. A funnel plot found no evidence of publication bias (p=0.17, Egger's test, see online supplementary data).
Quality assessment and study description
We assessed the quality of the included studies with individual study quality assessments available in the online supplementary data.
Influenza infection
Of the 10 studies investigating the association between influenza infection and AMI, 2 27 28 were categorised as low risk of methodological bias, 2 29 32 at moderate risk and 6 26 30 31 33-35 at high risk (tables 1-3). Of the three retrospective studies using GP or hospital databases to identify subjects, three used medical coding (Read codes, 32 Oxford Medical Indexing System (OXMIS) 33 and International Classification of Diseases 9 (ICD-9) 34 ) with study quality reliant on database accuracy. Of the seven prospective studies recruiting cases from hospital admissions, two recruited community controls from GP practices 32 33 and five recruited controls from inpatients with noncardiac diagnoses 26 28 35 or non-cardiac outpatient clinics. 27 29 Representativeness of these control groups is unclear, with few reporting baseline characteristics, only three reporting response rates (ranging from 65% to 67% 27 28 30 ) and three studies of unmatched design, with significant 27 29 or unknown 30 differences in baseline demographic characteristics. AMI, acute myocardial infarction; CHD, coronary heart disease; ILI, influenza-like illness. Four studies reported laboratory-diagnosed influenza-based exposure on influenza antibody titres, two relying on singlepoint estimates 28 29 either correlated with self-reported symptoms and adjusted for vaccination, 28 or conducted in China (vaccination unlikely). 29 The remaining two studies 26 27 defined exposed as a fourfold rise in paired acute-convalescent antibody titres, including a single high antibody titre in unvaccinated subjects or a positive PCR from nasopharyngeal swabs in one study, 27 and are likely indicative of recent infection. Exposure was measured by ILI in three 26 28 30 and RTI in seven 27 28 31-35 studies with RTI differentiated from ILI by inclusion of fever as a necessary criterion in ILI studies. All prospective studies included self-reported ILI/RTI with variable timing of exposure 30 32 33 prior to AMI with only one 28 including medical record validation.
Appropriate adjustment for potential confounders was determined in three of nine studies 27 29 32 by either matching or logistic regression analysis. Only two studies adjusted for prior influenza vaccination 27 28 while a third assumed low vaccination coverage. 29 Four studies [26] [27] [28] [29] restricted their study period to the influenza season, covering one, 26 28 two 29 or three 27 seasons.
Influenza vaccination
Of the seven studies assessing the association between influenza vaccination and prevention of AMI, two were categorised as low 27 28 and five as moderate [36] [37] [38] [39] [40] risk of methodological bias (table 4) . Four were prospective studies defining cases as consecutively admitted patients with AMI 27 28 37 39 and controls as non-cardiac outpatients 27 39 or inpatients 28 37 with participant rates between 66% and 91%. Prespecified AMI diagnostic criteria and chart review 27 28 39 or ICD-9 coding 37 identified cases with controls through self-reported absence of previous AMI, 28 39 or absence of AMI on medical records 27 37 with low risk of misclassification. Retrospective studies identified cases and controls as presence or absence of AMI on hospital 36 or health maintenance 40 billing records or hospital discharge letters on general practice 38 databases. Two studies 36 40 validated this with medical chart review of identified cases. One study 36 assessed recurrent AMI events in a single population of cardiology outpatients.
Influenza vaccination included self-report in all four prospective studies, two validated against GP records 27 or a populationbased immunisation register. 37 Of the retrospective studies, two 38 40 included vaccination status from database records with a chart review of vaccination-negative participants in one. 40 All studies adequately adjusted for potential confounders through either matching or multivariable analysis. Two studies did not restrict timing of AMI events to the influenza season. 38 
40
DISCUSSION
This is the first meta-analysis of influenza infection and AMI, and shows that influenza infection is significantly associated Figure 2 Pooled results for analysis of infection studies by the type of measure and AMI diagnosis. AMI, acute myocardial infarction; ILI, influenza-like illness; RTI, respiratory tract infection. with AMI, with cases having double the risk of influenza infection or RTI compared with controls. Our study also provides estimates of VE against AMI. Data show that vaccination is associated with a significantly lower rate of AMI. We calculated a pooled VE of 29% (95% CI 9% to 44%) in preventing AMI, on a par with or better than accepted AMI preventive measures, with the estimates of the efficacy of statins for secondary prevention of 36%, 41 antihypertensives of 15%-18% 42 and smoking cessation interventions of 26%. 43 Given the high global burden of AMI, and ischaemic heart disease being the leading cause of death and disability in the world, influenza vaccination could be added to other preventive strategies and confer additional population health benefits on AMI prevention. Vaccination is inexpensive, safe and effective. Patients with ischaemic heart disease are identified as a risk group for serious influenza infection, with many countries recommending vaccination for people with CVD. However, vaccination is underused in this population, 15 16 particularly in those under 65. 17 With increasing incidence of AMI after 50 years, 1 our findings add to the evidence base supporting influenza vaccination for middle-aged adults. Influenza vaccination has already been estimated to be cost-effective when used for influenza prevention in older adults, without direct consideration for cardiac protection. 44 However, it should be noted that interpretation of VE is complex, as influenza vaccination may not be equally protective against AMI during the entire year, with four of the six included vaccination studies performed during the influenza season.
Observational studies are subject to methodological biases, with case-control studies being prone to biases from participant selection and measurement of exposure. However, we found no differences in overall results when stratified by study quality and no undue influence by individual studies included in the analysis. Further, observational studies are the only ethical study type to measure the association between influenza infection and AMI, with the majority of published studies being of casecontrol design. The specificity of the case definition of influenza appeared important when comparing ILI with RTI. 34 Laboratory-confirmed diagnoses were not significantly associated with AMI, probably because of reduced statistical power due to small numbers and technical limitations of the current diagnostic tools. Our pooled VE concurs with a meta-analysis of published RCTs assessing the efficacy of influenza vaccination on recurrent ischaemic events. This meta-analysis found that influenza vaccine given to high-risk patients reduced their risk of AMI by 0.64, equating to a vaccine efficacy of 36% (95% CI 14% to 52.8%). 11 To expand the body of evidence supporting an association between influenza vaccination and AMI, we did not include previously pooled RCTs on influenza vaccine and AMI. Currently published RCTs are limited to recurrent events in high-risk patients, have heterogeneous outcome measures and are performed in low-income and middle-income countries without established influenza vaccination recommendations. [8] [9] [10] The generalisability of these RCTs to high-income countries with well-resourced health systems and better AMI outcomes 2 is unclear. While we provide pooled estimates of published observational case-control studies, a large-scale RCT is needed to provide the necessary evidence of the protective efficacy of influenza vaccination on AMI, including as primary prevention.
The effectiveness of annual influenza vaccines varies depending on the vaccine match to circulating strains. 45 The timing of vaccination is also important, with vaccination status being a valid predictor of AMI risk only if the vaccine was administered Figure 3 Pooled results for the analysis of vaccination studies by study type and acute myocardial infarction diagnosis.
prior to the AMI event. The majority of included vaccination studies examined vaccination prior to AMI, but no study analysed matching between circulating and vaccine strains. We found a variable quality in studies, with lower-quality studies tending to be older. However, no single study had a large influence on the results. While it appears that study quality was not a factor, variations in study-participant characteristics and differences in the measurement of exposures may explain this heterogeneity.
Despite advances in rapid revascularisation, public health campaigns and risk factor management, AMI remains the leading cause of death in the world. Influenza vaccination may offer another strategy to prevent AMI, and we have shown VE against AMI similar to accepted preventive measures such as statins, antihypertensives and smoking cessation interventions. It is postulated that influenza triggers an acute thrombosis in an already-diseased coronary artery with a subcritical level of stenosis. 5 This supports influenza vaccination as secondary prevention of AMI. Physicians should be aware of the need to offer vaccination to patients with CVD. Cardiologists should consider offering vaccination following an AMI, prior to hospital discharge or during cardiac rehabilitation/follow-up. Cost-effectiveness studies are needed to compare influenza vaccination as primary and secondary prevention for AMI, to further inform preventive health policy.
Key messages
What is already known on this subject? Acute myocardial infarction (AMI) continues to cause significant morbidity and mortality on a global scale despite coronary prevention programmes and rapid revascularisation technology. Influenza infection is associated with an increased risk of AMI, and vaccination lowers that risk in patients with previous AMI or known cardiovascular disease. However, the potential benefit of influenza vaccination in preventing AMI across the entire population is less well established.
What might this study add?
This systematic review of published case-control study data found that influenza infection was significantly associated with AMI, with a pooled OR 2.01 (95% CI 1.47 to 2.76). Influenza vaccination was negatively associated with AMI, with a pooled OR of 0.71 (95% CI 0.56 to 0.91), equating to a vaccine effectiveness of 29% (95% CI 9% to 44%) against AMI.
How might this impact on clinical practice?
Influenza vaccination is a readily available, inexpensive, straightforward and safe intervention, which may reduce the risk of AMI in people even in patients without predetermined heart disease.
Correction notice Since this article was first published online figure 1 has been updated. The middle box on the right hand side of the chart now includes the number 117 and not 15 as previously stated.
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